and suggests a missing component-a putative second Results Slit receptor.
Simply by observing the behavior of growth cones at Identification of Additional Robos: and near the midline, we can describe two different Cloning robo2 and robo3 kinds of repulsive functions controlled by Slit. On the one robo2 and robo3 were initially detected by searching hand, Slit functions as a repulsive barrier that prevents the Drosophila genomic database (Adams et al., 2000) growth cones expressing high levels of Robo from enterfor sequences similar to robo. Homology and protein ing the midline. On the other hand, Slit functions as an prediction programs identified two paralogs of robo. "antilinger" repellent, which permits growth cones to cDNAs were obtained from the LD embryonic library enter and cross the midline but prevents them from (Rubin et al., 2000) and sequenced. The robo2 and robo3 staying there. These two different flavors of repellent genes are quite close to each other and facing in oppoactivity are both mediated by the same ligand. One site directions on the left arm of chromosome 2 at locamodel would suggest that these two functions represent tion 22A; robo is located on the right arm of chromosome purely quantitative differences in the amount of repul-2 at location 58F ( Figure 1A ). sive signaling. Alternatively, these two repulsive funcThe robo2 cDNA encodes a 1540 amino acid protein tions might represent some qualitative difference. Dewith the same domain structure as Robo. The extracellutermining how these different types of repulsion are lar region contains five immunoglobulin-like (Ig) domains generated requires identification and analysis of the secand three fibronectin type III (Fn) domains, followed by ond putative Slit receptor. other polyproline stretch, are missing. In Robo2, the Robo2 as the better candidate to contribute to midline proline-rich Enabled binding motif (CC2) is replaced by guidance because it is expressed earlier and more a polyglutamine repeat. Interestingly, although several broadly. In this paper we present evidence that the Robo of the mammalian Robo orthologs contain all four conand Robo2 receptors play unique and dynamic roles served cytoplasmic motifs, a more divergent Robo famduring midline guidance.
ily member, Rig-1, appears to lack CC1 (Yuan et al., All three Robos have similar ectodomains and all three 1999). bind Slit. robo2 and robo3 lie close together on the Robo3 resembles Robo2 more closely than it does second chromosome and are more closely related to Robo; it too lacks two of the four cytoplasmic motifs one another than either of them is to robo. Their cyto-( Figure 1C ). The genomic organization of robo2 and plasmic domains diverge from Robo, and they lack sevrobo3 is very similar. Both have large first introns (23 eral of the canonical conserved motifs found in Drosophand 17 kb, respectively), while the first intron in robo is ila Robo and mammalian Robos, suggesting that Robo2 less than 1 kb. The intron and exon sizes are similar, and Robo3 have different signaling capability than Robo. and which exons code for particular domains is also In particular, both Robo2 and Robo3 lack the binding site conserved, suggesting that robo2 and robo3 may be for Enabled, which is a major output of Robo (Bashaw et the result of a recent duplication. al., 2000).
The complete Drosophila genome reveals no other Robo and Robo2 function during early stages of axon candidate Robos. Examination of the vertebrate dataoutgrowth to control midline guidance. As described in bases shows that the identified homologs have cytodetail in our related paper (Simpson et al., 2000) , Robo2 plasmic domain organization more like Drosophila Robo and Robo3 function during later stages to control lateral than like Robo2 or Robo3, indicating that Robo is closer position. Because of its dual role, Robo2 has a highly to the common ancestor with vertebrates. Robo2 and dynamic pattern of expression, initially being expressed 3 resemble each other and Robo more closely than they in all neurons (and growth cones) to prevent them from resemble any of the mammalian Robos or the Caenostaying at the midline and later disappearing from some rhabditis elegans Sax3. Examination of the exon-intron neurons and becoming restricted to only those growth boundaries within the coding regions of the three robo cones that extend in lateral pathways. genes suggests that robo2 and robo3 may be the result The model that Robo and Robo2 together control midof a recent duplication event ( Figure 1D ). This phylogeny line guidance leads to a clear prediction-the double holds when the complete protein sequences of the homutant combination of robo and robo2 should generate mologs are compared, as well as when the extracellular a phenotype that resembles slit. A corollary of this model domains are aligned and when only the most highly is that increasing Comm must also lead to a downregulaconserved first Ig domain is used. The Robo receptor tion of Robo2. Both of these predictions are born out by the results presented here.
family is related to other neural adhesion and guidance (Figures 2A and 2D ). This robo3 (Figure 2) gives clues about the potential roles is in agreement with previous studies (Kidd et al., 1998a), the three different Robo receptors might play during which showed that most if not all CNS neurons express axon guidance in terms of two different events. On the robo mRNA from the onset of axon outgrowth. This one hand, they function during the early establishment observation has led to the conclusion that it is some of midline crossing decisions (as described here). On the other hand, they appear to function during the later form of posttranscriptional regulation that controls the Figure 2D versus 2E) ; straightforward explanation for why the loss-of-function this is the same period when robo3 appears in a subset phenotypes of the Slit ligand and the Robo receptor of these neurons. differ is that there is another repulsive receptor rerobo3 is expressed later than robo2 and in a highly sponding to Slit. Given the expression data described restricted subset of CNS neurons. robo3 is not exabove, Robo2 is the obvious candidate. Below, we depressed at early or midstage 13 but, by late stage 13, scribe the generation and analysis of robo2 mutants. begins to be expressed in MP1 (which pioneers the However, we also tested the role of robo3 in midline intermediate Fas II pathway) and aCC (which is a motoguidance, using dsRNA (the RNAi method) to eliminate neuron that exits the CNS and extends into the periphfunction. Because Robo3 plays a major role in lateral ery). robo3 expression increases throughout stage 14 position but not in midline crossing per se the robo3 in both MP1 and aCC. robo3 mRNA is not detected in analysis can be found in our related paper (Simpson et pCC, vMP2, or dMP2.
al., 2000). The pCC, vMP2, MP1, and dMP2 growth cones pioTo determine if Robo2 has an essential function, neer the first two longitudinal axon pathways. All four whether it plays a role in midline guidance, and, in particgrowth cones initially extend right next to the midline ular, whether its presence drives axons to leave the but normally do not cross it. In a robo mutant, all four midline in robo mutants, mutations in robo2 were genergrowth cones cross and recross the midline (Seeger et ated. We identified a P element transposon from the al., 1993; Kidd et al., 1998a Kidd et al., , 1998b . In a slit mutant, all Rørth EP collection (Rørth, 1996) inserted immediately four growth cones enter the midline and do not leave it upstream of the robo2 signal sequence and mobilized . From the beginning of axon outit to generate imprecise excisions that lead to small growth, robo is expressed in all four neurons. Similarly, deletions in the robo2 coding region. These mutations robo2 is transiently expressed in all four neurons by are lethal and show a central nervous system phenotype early stage 13. However, it is not until late stage 13 that that reveals Robo2's contribution to axon guidance. robo3 is expressed at low levels in two of these four Four excisions were molecularly characterized; all reneurons. Thus, robo and robo2 are expressed early sult in deletions of 1-2 kb that remove the first exon of enough in these ipsilaterally projecting pioneer neurons robo2, which includes the translation start site and the to prevent them from entering or crossing the midline, signal sequence, and terminate in the large first intron. whereas robo3 is not. As robo3 expression begins, These mutants fail to complement each other and are robo2 expression becomes more restricted. As developlethal when crossed to deficiencies for the region. The ment proceeds, both robo2 and robo3 expression beexcision mutants retain a very low level of robo2 mRNA comes restricted to a pattern that specifies the lateral (and a little bit of protein immunoreactivity) but appear position of axons (Simpson et al., 2000) .
to behave as genetic nulls. The various mutant alleles Antibody staining using monoclonal and polyclonal and the mutant/deficiency combinations have qualitaantisera raised (in mouse) against the three different tively similar phenotypes, although, as described below, Robos supports the mRNA expression data. Robo and certain quantitative aspects can change. Injection of Robo2 proteins appear earlier than Robo3 and, in genrobo2 dsRNA into wild-type embryos replicates the eral, appear to be expressed on many if not all of the robo2 mutant phenotype, but injection into the robo2 early ipsilaterally projecting axons. Later in developexcisions did not substantially worsen the robo2 phenoment, as Robo3 protein appears, the patterns of exprestype, supporting the classification of these excisions as sion resolve into a restricted pattern for Robo2 and null or nearly null alleles. Robo3. Robo, Robo2, and Robo3 are found on the longiWhen examined with mAb BP102 against all CNS axtudinal tracts of the CNS scaffold but not in the commisons, the robo2 mutant looks slightly abnormal but much sural segments of contralaterally projecting axons. All closer to wild-type than does the robo mutant (Figures three Robos are expressed on growth cones as revealed 3B and 3C). This is presumably why robo2 mutants were by immunoelectron microscopic analysis ( The ectopic crossing of axons in robo2 mutants indicates that Robo2 does indeed contribute to midline now cross over and intermittently join with each other on their own side. Segments that show misrouting of guidance as well as to lateral position. To determine if Robo2 supplies the repulsive force that drives axons to axons between bundles on the same side of the midline are more common than those that show axons crossing leave the midline in robo mutants, robo,robo2 double mutants were generated by recombination. The robo, the midline.
The frequency of aberrations is higher in the excision/ robo2 double mutants were examined with mAbs 1D4 and BP102 and found to be phenotypically identical to deficiency embryos as compared to the excision/excision embryos, but this may be due to the fact that the slit ( Figures 3D, 3E , 4D, and 4E). All axons are initially attracted to the midline (presumably guided in part by deficiency removes a number of genes in addition to robo2-notably robo3. Heterozygosity for one robo can Netrins). But once these axons enter the midline, they are unable to leave. In a robo mutant alone, the axons enhance the null phenotype of another; robo2 dominantly enhances a robo mutation ( Figure 4F ). Thus, it leave the midline but recross it. In the double mutant, they never leave the midline, just as in a slit mutant. is plausible that the increase in robo2 defects in the excision/deficiency combination is due to heterozygosThus, Robo and Robo2 together can account for all of the function of Slit in midline guidance. In the absence ity for robo3 rather than to any additional reduction in Robo2.
of Robo, it is the small amount of Robo2 on the growth cones that drives them to leave the midline, even though The robo2 phenotype can also be visualized using anti-Connectin mAb (Meadows et al., 1994) . Connectin they can cross and recross the midline. The relative contribution of Robo and Robo2 to preis a cell adhesion molecule that is expressed in the CNS by a subset of axons that fasciculate in two longitudinal vention of crossing can be clarified by examining their ability to dominantly enhance each other (i.e., the phenoaxon pathways, one medial and the other intermediate to lateral (Figure 4H; Nose et al., 1992) . Some of these type generated by removing 100% of one protein is enhanced by removing 50% of the other protein). Heteroaxons cross in the anterior commissure, where they also express Connectin. In robo2 mutants, the two Connectin zygosity for robo in a robo2 null background (robo ϩ/Ϫ robo2 Overexpression of robo2 demonstrates that Robo2 can in the robo2 mutant. However, a strong phenotype is act as a repulsive axon guidance receptor. Moreover, observed in the robo,robo2 double mutant. This phenoit reveals an important difference between Robo and type is very similar to the slit phenotype; many mesoderRobo2. The UAS-GAL4 system (Brand and Perrimon, mal cells do not migrate away from the midline, and, 1993) was used to drive robo2 expression in all neurons instead, some developing muscles are found ectopically in the embryonic CNS. An expression series of increascrossing the midline. Thus, Robo and Robo2 appear ing levels of Robo2 was generated by using elav-GAL4 to cooperate in controlling mesoderm migrations away driver stocks and robo2 reporter stocks of various from the midline. Robo and Robo2 also appear to coopstrengths. These included an EP P element insertion erate in governing proper cell migrations and alignment upstream of robo2 (Rorth, 1996) and different transgenic of cardioblasts in the embryonic heart and in the further inserts of UAS-robo2. creasing levels of Robo2, of a complete loss of function at low levels of Robo2 overexpression, and it causes ectopic crossing at higher levels of Robo2 overexpresof robo (some segments in Figure 5C ). As levels of Robo2 continue to increase, the response becomes biphasic sion as well. Whether this is suppression by interference with Robo2 repulsion directly or, alternatively, whether ( Figure 5C ). The proclivity to cross the midline (and thus mimic the robo loss of function) is replaced at higher it results from cumulative loss of repulsion by reducing the efficacy of the Robo pathway is unclear. However, levels of Robo2 by an increasing tendency to avoid the midline (and thus mimic the robo gain of function) (one increasing levels of RoboDN in a wild-type background only look like a robo loss of function, no matter how segment in Figure 5C , most segments in 5D, and all segments in 5E Robo2, which lacks some of the conserved motifs found in the Robo cytoplasmic domain, has a less robust repulhomodimer, then this could explain the decrease in midline repulsion at low increased levels of Robo2. sive output than Robo. Extra Robo2 could interfere with Robo by dimerizing with it and creating a weaker recepHowever, Robo2 does not just interfere with midline repulsion; it can also mediate it. Higher levels of ectopic tor. Alternatively, Robo2 might interfere by competing for Slit binding or by sequestering downstream signaling Robo2 lead to the opposite phenotype in which axons fail to cross the midline. Evidently, Robo2 does have a components needed by Robo. In vitro analysis shows that the cytoplasmic domains of Robo2 and Robo can repulsive output, just not as strong as that of Robo. Sufficient levels of Robo2 are capable of generating a bind to one another (and homodimerize), suggesting that the interference might be direct. complete commissureless phenotype ( Figure 5E) . Thus, at low levels, Robo2 decreases the strength of Robo The in vitro translated cytoplasmic domains of Robo and Robo2 can bind to GST-fusion proteins containing signaling and permits inappropriate midline crossing, while, at higher levels, Robo2 is capable of mediating the cytoplasmic domain of Robo or Robo2. The homodimeric interactions are favored over the heterodimer by sufficient repulsive signaling to prevent midline crossing entirely.
‫-4ف‬fold (data not shown). The binding of Robo to Robo2 and of Robo to itself is not altered in GST-Robo fusion The commissureless phenotype observed at the higher levels of Robo2 overexpression can be partially proteins individually lacking conserved motif CC1, 2, or 3, nor in one lacking the 67 amino acids closest to the genetically suppressed by heterozygosity (i.e., removing one copy) of robo, slit, or enabled (Table 1) . Although transmembrane domain. Further experiments to determine which cytoplasmic domains are sufficient and necthe number of commissures that form in these backgrounds is increased, the phenotype is more complex essary for in vitro Robo and Robo2 dimerization are in progress. than simple suppression because in many cases the crossovers that now occur are inappropriate.
Although Robo and Robo2 can interact in vitro, it is not known if they heterodimerize in vivo. They are coexAdding a robo dominant-negative transgene (truncated just after the transmembrane domain) changes pressed in certain cells and thus have the opportunity to function cooperatively, but they can clearly function the phenotype at all levels of Robo2. The Robo dominant negative (roboDN) increases the ectopic crossing seen independently, presumably as homodimers. Robo can In comm gain-of-function embryos, the phenotype is robo like, but there is more disorganization of the outer problems with coimmunoprecipitation sensitivity in wholeembryo preparations, the genetic results described above (i. In robo mutants, axons cross the midline but do not remain at the midline, presumably because they are still repelled from the midline due to expression of Robo2. In the absence of both Robo and Robo2, the axons cannot detect the midline repellent Slit and, so, fail to leave the midline, as they do when the repellent Slit is missing (right bottom). Growth cones that do not normally cross the midline express high levels of Robo from the outset, while growth cones that do cross initially express a lower level. After these axons cross once, Robo levels are increased on the contralateral part of the axon to prevent recrossing. In the absence of Robo, some repulsion from the midline is retained because axons still express Robo2. The remaining repulsive force supplied by Robo2 is not sufficient to prevent the ectopic crossing of axons that is seen in a robo mutant, but it is enough to stop these axons from lingering at the midline. When both Robo and Robo2 are missing, the axons do not detect Slit and, thus, do not find the midline repulsive. ply removing all Robo2 or than increasing Robo2 in a enter the midline but do not leave it, extending in a single fused longitudinal tract at the midline. Two inferences wild-type background in which some amount of differential expression is maintained. Thus, the Robo family were drawn from these observations. First, there must be at least one additional Slit receptor that controls members appear to have distinct functions, partly mediated by the differences in their sequences and partly by midline guidance. In the present paper, we have shown that the Drosophila genome encodes three Robo family their different spatial and temporal patterns of expression.
members, that Robo2 is also a Slit receptor, and that Robo2 functions in midline guidance. The robo,robo2 double mutant looks just like the slit mutant in which all Discussion axons project to the midline but do not leave it, suggesting that the functions of these two receptors toIf commissural growth cones are attracted to Netrin and gether can account for all of the functions of Slit in if the highest concentration of Netrin is at the midline controlling midline guidance (summarized in Figure 7 ). and if growth cones meet their homologs from the other Second, because Slit appears to have two different side (for which they have a high affinity) at the midline, functions in midline guidance (one as a midline repulsive then why do these growth cones ever leave the midline? barrier and the second as a midline antilinger signal), it Although we do not yet have a complete answer to this follows that either Robo2 signals differently from Robo question, we now know that the answer involves both (i.e., a qualitative difference in output) or, alternatively, qualitative and quantitative differences between Robo that the low levels of Robo2 (i.e., a quantitative differand Robo2 in their repulsive responses to Slit. For ence in output) on growth cones crossing the midline growth cones near the midline that do not cross it, Slit give rise to the perceived qualitative difference in growth forms a strong repulsive barrier. This function is medicone behavior. The paper describing the discovery of ated largely by Robo. But for growth cones that do cross Slit as the Robo ligand (Kidd et al., 1999) ended with the midline, Slit cannot be such a strong repellent, but, the following statement: rather, it functions in a more subtle fashion, somehow
Whether we are dealing with two qualitatively differpreventing them from lingering at the midline and driving ent negative responses or, alternatively, quantitative them to cross it. In the absence of Robo, 100% of Robo2 differences in a common repulsive mechanism is not yet is sufficient for this function but 50% of Robo2 is not.
clear. Teasing this mystery apart in the future should In the absence of Robo2, this function can also be medished some light on how growth cones make stereotyped ated by reduced levels (i.e., 50%) of Robo.
and divergent decisions at complex choice points. Several years ago, when we discovered that Slit is the The results presented in the present paper lead us ligand for Robo, we were struck by the differences in to conclude that there are indeed both qualitative and their phenotypes . In the absence of quantitative differences between Robo2 and Robo and Robo, certain growth cones cross and recross the midline. In contrast, in the absence of Slit, growth cones that each receptor plays a unique role in the control of
